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Do controlled memory nickel titanium rotary endodontic files have greater resistance to 
cyclic fatigue than ground nickel titanium files , in vitro, at test temperatures near those 
encountered clinically?  
Context and previous research 
Controlled memory rotary files became available in 2010. Two in vitro research papers 
testing their resistance to cyclic fatigue against ground files have been published to date. 
These studies conducted their research at room temperature using a three pin bending 
device to rotate the files around a curvature. They both had sample sizes of twelve files per 
group. Controlled memory files performed significantly (p < 0.05) better than ground files. 
Sample and setting 
Forty seven HyFlexCM™ and forty eight RaCe™ files, both with a tip size of .25mm and 
constant taper of 6% were randomly acquired for comparison. The HyFlexCM™ files were 
sponsored by the manufacturer, the RaCe™ files were purchased from a U.K supplier. Both 
groups were run to failure at 500 revolutions per minute in an oil lubricated artificial canal 
constructed from hardened steel using electrical discharge sinking. The artificial canal 
tapered at 6%, from .35mm to 1.37mm with a 5mm radius of curvature and 90° bend in one 
plane.  The test temperature was 35 ± 1 °C. 
Data collection and Analysis 
Raw data, in seconds to failure, was recorded by the author and converted to number of 





SPSS™ statistical software. The Cox survival model was used to determine if there was a 
significant difference in the number of rotations to failure for each group. 
Findings 
There was no statistically significant difference between the two groups.   
Conclusion 
Controlled memory rotary endodontic files may be more likely to fail through cyclic fatigue 
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1. Introduction  
 
Nickel Titanium (NiTi) alloy has unique properties that have allowed it to be included in a 
limited list of so-called exotic or smart materials.  These materials have one or more 
properties that can be significantly changed in a controlled manner by external stimuli 
(McCabe, Yan, Al Naimi, Mahmoud & Rolland, 2011). Nickel titanium, for example, can suffer 
large deformations (strains) that can be induced or recovered through temperature or stress 
(shape) change.  Some properties of this material have led it to being favoured as the 
material of choice from which to make rotary nickel titanium endodontic instruments, in 
particular its superelastic qualities. These instruments have been in use since the early 
1990’s.  
This material has provided several benefits including speed and efficiency of root canal 
preparation (Gutmann & Gao, 2012). However, there is a risk of fracture of these 
instruments inside the root canal. The perceived poor prognosis that will follow has led to a 
great deal of research to be carried out to help understand instrument fracture so that it can 
be prevented rather than treated (Parashos & Messer, 2006). In recent years manufacturers 
have been manipulating NiTi found in ground instruments primarily through heat treatment 
processes, in an attempt to enhance its ability to attain the goals that an ideal shaping 
instrument should be capable of providing.  The most recent of these innovations is 
“controlled memory” (CM) nickel titanium files, introduced in 2010 (Shen, Zhou, Zheng, Peng 
& Haapasalo, 2013).  
Very little research has been conducted on files made from this material. However, 





instruments. One of the manufacturers that have made these claims is Coltène/Whaledent 
(Altstätten, Switzerland). They claim that their product, HyFlexCM™, is 300% more resistant 
to fracture than ground rotary NiTi files (www.coltene.com), therefore there seems to be a 
need to investigate these claims. 
The rationale for using rotary NiTi instruments in endodontics necessitates a brief 
explanation of its metallurgical characteristics and manufacturing processes.  This 
information will be covered in the background chapter which will also help develop an 
understanding of the recent advances in rotary NiTi technology.  
In order to appreciate the development and place of controlled memory rotary NiTi files in 
the endodontic armamentarium, it will be important to mention the two other recent rotary 
NiTi systems; Twisted File™ (R phase technology) and M-Wire™. These two developments 
along with CM technology form what has become known as the second generation of rotary 
NiTi systems. Their distinguishing characteristic is that their manufacturing processes make 
use of heat treatments in a way that earlier ground rotary NiTi files did not. It has become 
necessary for clinicians to appreciate the nature of the raw materials used to make these 
NiTi instruments as well as their relevant mechanical properties (Zhou, Shen, Zheng, Zheng & 
Haapasalo, 2012). 
A review of the literature will explain specific properties of ground and CM rotary NiTi files, 
their failure mechanisms and consider important factors that play a role in file failure, in 
particular, cyclic fatigue failure. 
Having established an understanding of rotary NiTi cyclic fatigue failure, conclusions will be 
drawn from the information delivered in the Background and Literature Review chapters so 





appropriate research methodology will be considered as a means to conduct a comparative 
in vitro study between HyFlexCM™ and a ground rotary NiTi instrument with an electro-
polished surface: RaCe™ (FKG Dentaire, La Chaux-de-Fonds, and Switzerland). The study will 
compare the number of rotations to failure (Nf), under strict conditions. The validity of the 
study, both internal and external, will be enhanced through a rigorous research method, the 
rationale for which will be explained in depth.  
Data will be analysed using a statistical software package and presented graphically and 
discussed. The null hypothesis will be accepted or rejected, based on the significance level 
set for the statistical analysis.    
The limitations and shortcomings of the study will be acknowledged and recommendations 
will be made that may broaden the scientific basis of cyclic fatigue in rotary NiTi files. 
A thorough discussion will conclude this study. It will apply the findings to clinical endodontic 































































































































































































































































































































































































As  Af  Ms  Mf 
Apical  20.1 ± 0.18  51.4 ± 0.30  21.6 ± 0.52  ‐30.7 ± 1.57 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































A RaCe™ file was placed in the handpiece and positioned in the canal with the tip flush with 
the end of the canal. In a staged process the handpiece was connected to the allan key using 
hard bis-acrylic resin (Protemp™, 3M ESPE). The resin extended beyond the length of the 
allan key where it housed a 6mm nut. 
Once the acrylic was fully cured the handpiece and resin jig were pulled off the allan key and 
trimmed. A 6mm engineering screw (vertical stop) had a locking nut screwed onto it, and 
then it was screwed into the nut on the top of the jig.   
 
 
Fig 27. The acrylic jig secure on the handpiece. The nut in the jig accommodates the vertical 







Figure 28. The full test assembly with vertical stop screw and locking nut (photographed by 
the author). 
The hexagonal cross section of the allan key meant the jig could be re-located on it in the 
same position each time it was removed to replace a broken file. The stopping screw and 
locking bolt maintained the vertical position. 
The frictional contact between the acrylic jig and the allan key was such that they did not 
need further fixing to each other. In fact it required regular lubrication with multipurpose oil 
(3-IN-ONE™) to aid removal and replacement, the required removal force was estimated at 
about 100 N. 
This assembly was then turned through 90 degrees and clamped to a worktop. This allowed 
for a horizontal placement of the test block so lubricant oil could not drain from the canal 





A number of each file were run to failure in order to test the apparatus.  
The room used for the experiment was then heated with an electric oil heater (DeLonghi, 
3000 Watt). All the materials used for the experiment stayed in the room while it heated up. 
The HyFlexCM™ files were labelled Group 1 and were run to failure in succession. The air 
temperature was recorded at every tenth file. An Oregon Scientific™, model SL103, digital air 
thermometer (Oregon Scientific, Tualatin, Oregon, USA) recorded the temperature. The test 
of the HyFlexCM™ files started with the temperature at 34.1 °C and it slowly increased, 
ending at 36.1 °C. The RaCe™ test temperature started at 36.1 °C and decreased slightly to 
35.6 °C at the end.   
The position of the files in the canal was such that the tip was flush at the end of the canal. 
This was verified visually using 2.5X magnification loupes with LED illumination (Keeler™), 
being sure to avoid parallax errors. The canal was lubricated after placement of each file 
with 3-IN-ONE™ oil. The rubber stop (blue rubber ring on the file in figure 28) on the tested 
file was positioned against the top of the block to prevent lubricant oil from being extruded 
from the canal due to the Archimedean screw effect created by the rotating files.  
This method was reproduced for the RaCe™ files, Group 2, and they were run to failure in 
the same way. 
Raw data (time to failure) was collected and recorded by the author. The time to failure of 
each file was recorded in hundredths of seconds with digital stopwatch and tabulated for 
each file of each group.  The raw data was converted to number of rotations to failure (Nf) 
by multiplying by 8.333 (rotation speed was 500 RPM). This data was rounded down to the 
second decimal place and entered into the statistic analysis software package, SPSS™ for 





as any faults in the experiment, that may be detected subsequently can be corrected. 
Inaccurate data recording would influence the validity of the experiment.    
These raw data records were scanned and kept on a hard-drive as well as being stored on 
two portable USB drives, thus storing at different locations to prevent data loss.  
 
4.7) Limitations of the experimental method  
There are numerous shortcomings to the experimental method that need to be recognised 
as they could be reviewed in future experiments of this kind to enhance both the internal 
and external validity. 
 
4.7.1) Limitations pertaining to internal validity 
1) The standardised endodontic instrument flexibility test, as mentioned in the 
introduction to this dissertation could be performed and recorded at the test 
temperature prior to the fatigue test being performed. This may give important 
information on the thermo-elastic phase status of the tested files.  
 
2) To better understand the behaviour of a given material, attempts to determine its 
Active Af could be made.  This can be as simple as bending a sample of the 
instruments and placing them in a bath of water and slowly increasing the 
temperature until they have recovered their shape. Although this method is a crude 
form of the bend and free recovery test, it is very accurate and has been described by 






3) Using artificial canals with a range of different radii of curvature may help to build a 
better picture of the factors that play a role in cyclic failure. However, it is the 
opinion of the author that it is the position of the radius in the canal that is of 
greatest importance. For instance, the curvature used in this experiment started 
3mm (D3) from the apex (D0) or file tip. A simple mathematical analysis (Appendix B) 
shows the middle of the curvature is around 7 mm from the tip. Failures were found 
to occur at the 7mm mark, which is not surprising. If the curvature was made to start 
at the terminus, the files would have broken around the 4mm mark and possibly led to 
different results. This is due to Af  decreasing along the file towards the shank (Table 
2). 
 
4) The artificial canal walls should, ideally be perfectly smooth. The method used to 
create the artificial canal in this experiment was the same as used by experts in this 
field as cited earlier. However, it was noted that this produced a surface that is not as 
smooth as the finish on the external surfaces of the test block. It may be possible to 
electro-polish the walls of the canal to eliminate these surface irregularities and 
therefore reduce the frictional component on the file that will have the effect of 
increasing the torque, heat generation and potentially scouring the surface of the 
files. These factors are known to reduce performance in cyclic fatigue testing and 










3.7.2) Limitations pertaining to external validity 
As previously noted, cyclic fatigue tests cannot be performed in teeth, so the use of an 
artificial canal in itself is not regarded as a shortcoming. However, some aspects of these 
tests must be recognised as they may enhance the validity as pertains to clinical use. 
 
1) Samples of files from different LOT numbers may provide a better sampling frame 
for a more accurate generalisation of results to the brands as a whole.  This 
would need to apply to all NiTi brands in the test to avoid bias. However, there 
are real practical difficulties in doing this. A range of LOT numbers may be 
acquired if the files are ordered from a number of different suppliers. However, 
some rotary NiTi files, including RaCe™ are only available through sole 
distributors in the U.K. and this likely to restrict access to a range of LOT numbers 
at any given time. 
 
2) Data for the temperature within a root canal during clinical endodontic treatment 
could not be found so it was assumed to be near body temperature.   
 
3) Clinically, rotary NiTi files are not held statically and allowed to rotate, but are 
rather used in an up and down “pecking” motion. Tests incorporating this type of 








4) Root canal preparation with rotary NiTi files typically involves about 3 to 6 
instruments per tooth.  As it is known that it is the volume of material at the 
greatest curvature that determines the likeliness of failure, it would be prudent 
to test files larger than the 25/06 files that are commonly used in cyclic fatigue 
tests.  
 
5) It is possible that common irrigants used in endodontics e.g. sodium hypochlorite, 
EDTA, citric acid and chlorhexidine could affect cyclic fatigue performance. 
 
6) It is possible that the effects of autoclaving rotary NiTi files during sterilization 
procedures could affect cyclic fatigue performance. However, it is considered 
good clinical practice to use new files on each case and it is regulatory in the U.K 
















5.1)  Descriptive and inferential statistics 
 
Descriptive statistics and tests of normality of the data are presented in Tables 6 and 7 
below. It is clear from the descriptive statistics that the data of the two types of instruments 
deviates from normality. For example Table 1 shows that RaCe™ data has much higher peak 
than the normal distribution (based on the large kurtosis value) and is skewed to the left 
(based on the large negative skewness value). The opposite can be seen for HyFlexCM™ 
where the distribution is much flatter (as determined by the low kurtosis) and is skewed to 
the right (as determined by the positive skewness value). The same conclusions can be seen 
in the histograms (Figure 31).  
Based on the Kolmogorov-Smirnov test of normality, the data of both RaCe™ and 
HyFlexCM™ deviate from normality (p < .05 for the two devices). Shapiro-Wilk test of 
normality showed that the data for HyFlexCM™ clearly deviates from normality with p-value 
less than .05. However, for RaCe™ the test of normality of the data is marginally not 
significant (just above .05).  
 
Group N Minimum Maximum Mean Std. 
Deviation 
Median Kurtosis Skewness 
HyFlex 47 41.57 190.16 96.1549 34.09492 88.6600 .387 .721 
RaCe 48 8.50 145.58 98.8987 23.70105 99.3700 3.909 -1.251 
Table 6. Descriptive statistics of the data. 
 
 
 Group Kolmogorov-Smirnova Shapiro-Wilk 
Statistic df Sig. Statistic Df Sig. 
Rotations to Failure 
HyFlex .129 47 .049 .954 47 .062 
RaCe .136 48 .026 .916 48 .002 





The Q-Q plot can be used to graphically represent how close a continuous data set 
corresponds to a normal distribution. Deviation from the oblique line, as seen in both plots 
below, represents non-normal distributions. 
 
 
Figure 29. Q-Q plots for HyFlexCM™ and RaCe™ groups. 
 
A boxplot breaks the data up into quartiles and can help identify differences in the 
dispersion and skewness of the data. The lower boundary of the box is the first quartile, the 
band in the middle of the box is the second quartile or median and the upper boundary is 





box. Outliers in both groups can be easily identified in the boxplot below; their data points, 
as entered in SPSS™ are represented by circles. Extreme outliers are represented with a star.   
 
 














Histograms can be used to evaluate the frequency of data and are a representation of the 
distribution of the data values. They can help to evaluate the central location, width of 
spread and shape of the data. SPSS™ can overlay the histogram with a normal plot.  
 
 
Figure. 31 Histograms overlaid with normal plots for both file groups. 
 
Based on both descriptive and inferential statistics of tests of normality, the data is 
considered to deviate from normality.  
 
 
5.2)  Cox survival model results and Kaplan Meier survival plots 
 
The data was analysed using survival analysis models. Cox survival model was used and the 
results are presented in Table 8. It shows that there is no significant difference in the 
number of rotations before failure between the two devices (p = .838 which is larger than 
.05 level of significance). The analysis was repeated using the bootstrapping method which is 
more suitable if there is concern that the sample size is small (Table 9). The results remain 






 B SE Wald df Sig. Exp(B) 95.0% CI for Exp(B) 
Lower Upper 
G .044 .216 .042 1 .838 1.045 .685 1.595 
Table 8. Results of Cox survival model.  
 
 
 B Bootstrap 
Bias Std. Error Sig. (2-tailed) 95% Confidence Interval 
Lower Upper 
G .044 -.017 .215 .847 -.390 .458 

























A survival plot using a Kaplan-Meier survival curve was plotted for the number of rotations 
before failure by instrument type (Figure 32). The survival curve shows some interesting 
patterns of number of rotations before failure for the two instruments. It shows that the 
survival rate (probability of no failure) was lower for HyFlexCM™ than RaCe™ at early 
number of rotations (in other words HyFlexCM™ tend to fail more than RaCe™ at low 
number of rotations). The opposite happens at higher number of rotations where 
HyFlexCM™ shows a higher survival rate at higher number of rotations. In other words, once 
HyFlexCM™ passes about 110 rotations, its performance becomes better than RaCe™.  
 
 
Figure 32. Kaplan-Meier survival curve of number of rations before failure. 
 
To investigate this pattern further, survival analysis was repeated two times; once for data 
with rotation that less than 110 and the other for rotation more or equal to 110. The results 
for the first analysis are presented in Tables 10 and 11 and Figure 33.  The results for the 
second analysis are presented in Tables 12 and 13 and Figure 34.  
 
The results of survival analysis at low number of rotations shows that there is a high 
significant difference between the two instruments (p = .002 < .05). The same conclusion can 





survival curves clearly shows that HyFlexCM™ is inferior compared with RaCe™ at lower 
number of rotations.  
 
-2 Log Likelihood Overall (score) Change From Previous Step Change From Previous Block 
Chi-square df Sig. Chi-square df Sig. Chi-square df Sig. 
409.733 9.500 1 .002 8.952 1 .003 8.952 1 .003 
Table 10. Results of Cox survival model for low rotations (less than 110). 
 
 
 B SE Wald df Sig. Exp(B) 95.0% CI for Exp(B) 
Lower Upper 
G -.785 .260 9.104 1 .003 .456 .274 .759 















Figure 33. Kaplan-Meier survival curve of at low number of rotations (less than 110).  
 
 
Figure 34. Kaplan-Meier survival curve at high number of rotations (110 and higher).  
 
The results of survival analysis at high number of rotations (110 and higher) shows that there 
is no significant difference between the two devices but the p value was just at the margin of 





in these cases of lower sample size, shows a significant difference (p = .039 < .05). Figure 34 
of Kaplan-Meir survival curves clearly shows that HyFlexCM™ performs better at higher 
rotations compared with RaCe™.  
 
 
 B SE Wald df Sig. Exp(B) 95.0% CI for Exp(B) 
Lower Upper 
G .822 .422 3.795 1 .051 2.274 .995 5.199 






Bias Std. Error Sig. (2-tailed) 95% Confidence Interval 
Lower Upper 
G .822 .007 .435 .039 .028 1.717 
a. Unless otherwise noted, bootstrap results are based on 1000 bootstrap samples 




5.3) Objective power 
Rejection of the null has failed so there is a danger of committing a type II error (failing to 
reject a false null).  The power of a hypothesis test is 1 minus the probability of a type II 
error. However there does not seem to be any need to calculate this post hoc, as by 
definition, the design of the experiment is such that it has a low ability to detect a difference 
between the two groups. It is most likely that the ability to detect a difference in the groups 
of a specific size lies within the science of the experiment. Specifically, decreasing the test 






5.4) Discussion of results 
Both groups had outliers. HyFlexCM™ had upper limit outliers whereas RaCe™ had lower 
limit outliers. Due to the outliers the number of rotations to failure (Nf ) range is very similar 
for both groups but there is a greater spread for the HyFlexCM™ group. The most obvious 
outlier is the early RaCe™ failure after 8.33 rotations. In one way, HyFlexCM™ performed 
better in that they had a greater frequency of better performing instruments than RaCe™. 
However, besides the RaCe™ early failure, HyFlexCM™ also performed worse at the lower 
end of the Nf range. 
The mean scores for both groups are very similar. 
Within the limitations of this study, these findings do not support the superior cyclic fatigue 
reports for CM rotary NiTi files discussed in earlier studies. 
The possible reasons for this are that the test temperature reduced the protective 
martensitic fraction in the instruments. Furthermore, studies have shown that the Af of these 
instruments is lower towards the shank than the apical region, possibly due to the heat 
treatment process being more effective at the narrower tip (Shen, Coil et al., 2013). It was 
observed that most of the instruments failed around 7mm from the tip this test. It is likely 
that the Af of HyFlexCM™ wire may not be as high as studies using differential scanning 
calorimetry (DSC) have shown. 
Nevertheless, HyFlexCM™ did perform well beyond 110 rotations. The reason for their poor 
lower rotation results may be their lack of a protective electro-polished surface that the 
RaCe™ instruments benefit from. The protective RaCe™ surface may become worn at about 





advantageous. The early RaCe™ failure is likely from due to an inclusion during the 




The enhanced flexibility of superelastic or austenitic NiTi has been cited as the reason for the 
rotary NiTi revolution in endodontics. However, CM products are attempting to make use of 
the shape memory qualities, rather than the superelastic qualities of the nickel titanium 
shape memory alloy system. 
The new generation of CM Wire, R-Phase and M- wire™ products are likely to reduce 
procedural errors such as ledging and transportation (Gambarini et al., 2011). Their 
increased flexibility should reduce cyclic fatigue failure as well. The astute clinician, will, or 
should be aware of the relative advantages and disadvantages of the materials currently 
available in the preparation or shaping of a root canal space. 
Until recently, the products available to the endodontic armamentarium seem to have been 
made of stable austenitic NiTi or a product with an Af of around room temperature. 
However, the properties of this material, through simple heat treatment manipulation allow 
the flexibility to be greatly increased by raising the transformation temperatures and in 
particular, the Af. This is seen in both M-wire™ as well as CM products; however M-wire™ 
incorporates a mechanical process as well as heat treatment and has strong superelastic 
characteristics, even at room temperature.  
The increased flexibility of TF™ has not resulted in increased Af, but this is more through 





Increasing the Af temperature above operating temperatures seems to increase the 
martensitic and possibly the R-phase components and lead to a more flexible material with 
the possibility for improved preparation shapes, through reduced potential for straightening 
and reducing failures through cyclic fatigue. CM material will, or should, behave as a shape 
memory alloy rather than a superelastic alloy when operating at around oral temperatures. 
These temperatures are yet to be determined, but hold the key to transparent testing and 
evaluation of instruments against competitors. 
Despite the obvious advantages to using ductile shape memory, rather than superelastic NiTi 
alloys, their use is not without disadvantage. The “torquability” of a rotary NiTi instrument is 
a term used to indicate its ability to deliver the torque applied at the shank, through the 
instrument, to the apical extent without distortion of the instrument. Herein lies the 
disadvantage of CM alloys, in other words, they are more likely to unwind as they are more 
plastic, or malleable. The result is that the cutting efficiency is decreased. As the cutting 
blade edge becomes aligned with the long axis of the canal, the ability to auger debris from 
the canal is lost. However, unwinding will protect against torque fatigue failure and 
therefore may benefit the more inexperienced operator.   
Unwinding may be countered by decreasing the torque of the handpiece and 
accommodating it with an increase in RPM. More cynically, this effect can be countered with 
a decrease in Af. This would present a material that has the attractive benefits of a shape 
memory alloy when examined at room temperature yet behave more like a superelastic 
material, with the benefits of superelastic torquability and reduced unwinding in clinical use. 
Of course, it is likely that exact manipulation or tuning of NiTi transformation temperatures 





likely to be made more difficult in rotary NiTi products that vary in their cross sectional 
shape, size and taper.   
It has been stated that differential scanning calorimetry should not be used to determine Af  
for clinical applications, but rather the “bend and free recovery”  (BFR) test (Patel 2007). In 
these tests a bent instrument is carefully heated and its transformational temperatures are 
determined by straightening while heated. In orthodontic wires these tests have shown Af  to 
be significantly lower than figures given by manufacturers (Obaisi et al., 2013). As stated 
earlier, the Af determined by the BFR test is given as Active Af. There may be a very narrow 
temperature range that the Af or Active Af equivalent would need to lie within to take 
advantage of martensite, R-phase and austenite in clinically beneficial ratios.  
Standardising rotary NiTi cyclic fatigue testing presents a great challenge due to confounding 
factors. It may never be possible to confidently compare the performance of one instrument 
to another. This is made more difficult with instruments of variable taper and the advent of 
offset files such as Protaper Next™. However, there are many ways that confounds can be 
reduced and they have been discussed at length. Certainly, one of the most important 
acknowledgments should be to perform the tests at oral temperature. This is especially true 
when instrument manufacturers claim to have superior performance from a product with an 
Af above body temperature or even room temperature.  
Standardising authorities need to appreciate the relevance of testing instrument flexibility of 
NiTi instruments with elevated Af at clinically relevant temperatures as there seems to be a 








The application of controlled memory rotary NiTi instruments may need to be restricted to 
instruments of a larger tip size.  This is because the torquability will likely increase for CM 
files with an increase in tip size simply through an increase in volume of the material being 
torqued. A clinical study has shown that smaller HyFlexCM™ NiTi files unwind more than 
larger instruments (Shen, Coil et al., 2013). Use of such larger instruments would fulfil 
biological principles of root canal shaping; this is especially true for infected or necrotic 
canals. 
This approach facilitates irrigant access to the apical zone as well as access to the apical zone 
for mechanical, sonic or passive ultrasonic “activation” of the irrigant. Use of CM NiTi may 
limit the risks associated with straightening such canal preparations. It is well known that the 
apical 3mm of root canals are the most likely area for canal ramifications, i.e. the apical delta 
(Rhodes, 2006).  
There are, however, other arguments for larger apical preparations such as improved access 
for placement of antiseptic root canal dressing materials and facilitation of obturation by 
machining the oval shaped root canal into a rounder shape to accommodate gutta percha 
cones. 
However, preparation of an already naturally wide root canal is not necessary as irrigant 
access is already facilitated and obturation with gutta percha (normally requiring an apical 
stop) is not required as products such as MTA may be better alternatives in such cases.    
It must be appreciated that rotary NiTi preparations may be enhanced by embracing the full 
range of NiTi technology available to today’s clinician. By hybridising rotary NiTi canal 





canal preparation. For instance, straightening of the root canal in the coronal portion, 
coronal flaring, is a prerequisite for biological root canal shaping goals. It would be most 
sensible to use an austenite material in this zone. For reasons already explained, smaller size 
superelastic NiTi files are not likely to fail due to cyclic fatigue. Therefore they may be used 
in glide-path preparation and a perhaps a little larger. Further preparation and apical 
enlargement may be completed with a more flexible heat treated product such as M-wire™, 
TF™ or a CM product.  
As previously mentioned, the primary factor implicated in rotary NiTi failure is operator 
experience. It is likely that other iatrogenic errors associated with canal straightening are 
closely linked to practitioner experience as well. Although newer rotary NiTi instruments 
may reduce the chances for mishaps, understanding their limitations and their proper use is 
of utmost importance. Nevertheless, severely curved canals present a challenge, even to the 
very experienced clinician. CM type instruments may reduce procedural errors and 
instrument failure in such canals, provided the preparation size is gradually increased using 
many instruments. The technique is described in the HyFlexCM™ product packaging and may 
limit instrument unwinding.  
As with all rotary NiTi instruments, fundamental principles should be adhered to when using 
CM files to limit risk of cyclic fatigue failure. These include complying with manufacturer’s 
guidelines, using only new instruments in well lubricated canals, not allowing the file to 
rotate while held in a static position, maintaining patency and cleaning of dentine debris 
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Appendix A 
 
Specifications of tempered BA2 tool steel used for fabricating the test block. After tempering 
hardness is given as ≥60 on the Rockwell C Scale Hardness (HRC) in table 5.  Conversion of 
HRC gives a Vickers hardness of ≥ 740 from table 6. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 14. Rockwell C Scale hardness of BA2 tool steel (from www.steel‐grades.co.uk). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 15. Conversion table for Rockwell Hardness C to Vickers Hardness (from 
www.taylorspecialsteels.co.uk). 
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Geometry of the artificial canal. 
  
 
  
 
  
 
  
 
  
  
Figure 35. PDF showing start and finish width of the canal 
(From Waveney Precision). 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 36. Annotated CAD screenshot of the data used to manufacture the copper die for 
electrical discharge machining of the BA2 steel block to a depth of 2mm (screenshot from 
Waveney Precision.). 
 
The general location of maximum strain on the instruments is in the middle of the curvature. 
This is given by calculating the average length of the curved section first. This is the 
circumference of a circle with a 5mm radius and divided by 4, as it is a 90° radius of 
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curvature, this is equal to 7.85mm. The middle point is then 3.925mm. Adding the initial 
 
3mm gives a point around the 7mm mark. Most files failed at around this point. 
  
Appendix C 
 
Converted data in the form of number of rotations to failure (Nf) as entered into SPSS™. The 
first 47 data values are for HyFlexCM™ (label 1.00). Data values from 48 ‐96 represent 
RaCe™ instruments (label 2.00) 
 
 
88
 
  
  
 
  
  
 
